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 Single Carrier Frequency Division Multiple Access (SC-FDMA) is chosen 
because of the lower peak-to-average power ratio (PAPR) value in uplink 
transmission. However, the contiguity constraint is one of the major 
constraint presents in uplink packet scheduling, where all RBs allocated to a 
single UE must be contiguous in the frequency-domain within each time slot 
to maintain its single carrier. This paper proposed an uplink-scheduling 
algorithm namely the Maximum Expansion with Contiguity Constraints 
(MECC) algorithm, which supports both the RT and NRT services. The 
MECC algorithm is deployed in two stages. In the first stage, the RBs are 
allocated fairly among the UEs. The second stage allocates the RBs with the 
highest metric value and expands the allocation on both sides of the matrix, 
M with respect to the contiguity constraint. The performance of the MECC 
algorithm was observed in terms of throughput, fairness, delay, and Packet 
Loss Ratio (PLR) for VoIP, video and best effort flows. The MECC 
scheduling algorithm is compared to other algorithms namely the Round 
Robin (RR), Channel-Dependent First Maximum Expansion (CD-FME), and 
Proportional Fairness First Maximum Expansion (PF-FME). From here, it 
can be concluded that the MECC algorithm shows the best results among 
other algorithms by delivering the highest throughput which is up to 81.29% 
and 90.04% than CD-FME and RR scheduler for RT and NRT traffic 
respectively, having low PLR and delay which is up to 93.92% and 56.22% 
of improvement than CD-FME for the RT traffic flow. The MECC also has a 
satisfactory level of fairness for the cell-edge users in a vehicular 
environment of LTE network. 
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1. INTRODUCTION 
Long Term Evolution (LTE) is the most capable wireless broadband, which is developed by the 
Third Generation Partnership Project (3GPP) [1]. In LTE technology, Single Carrier Frequency Division 
Multiple Access (SC-FDMA) offers lower peak-to-average power ratio (PAPR) as compared to Orthogonal 
Frequency Division Multiple Access (OFDMA) thus, making SC-FDMA is more suitable for the uplink 
transmission. The SC-FDMA system delivers higher throughput, lower PAPR, higher spectral efficiency, and 
lower bit error rate than the conventional OFDMA technique [2]. In spite of the advantages of SC-FDMA, 
it requires that all subcarriers allocated to a single UE must be adjacent to each other in the frequency  
domain [3].  
The system architecture of the 3GPP LTE system contains several base stations called the LTE base 
station (eNodeB) where the packet scheduling is performed with other Radio Resource Management (RRM) 
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tasks. LTE network supports different types of services that share the radio access and core network 
resources. These services are the real time (RT) and non-real time (NRT) where each services have different 
quality of service (QoS) requirements in terms of bit rate, delay, and PLR, which must be provisioned [4]. 
The network architecture for LTE consists of Evolved Node B (eNodeB), Evolved Packet System (EPS) and 
the UEs. The LTE transmission is divided into frames, which consist of 10 subframes. A subframe duration is 
1 ms in length. Each subframe is divided into two slots where each slot is 0.5 ms in length. A subframe is 
also known as the Transmission Time Interval (TTI). The physical layer interface is a transport block with 
common Modulation and Coding Scheme (MCS). Each TTI contains at most one transport block per UE [5]. 
Each slot present in frequency domain is divided into a number of resource blocks. The structure of a time 
slot in frequency domain is divided into regions of 180 kHz that contain a contiguous set of 12 subcarriers. 
Hence the total number of uplink physical resource blocks (PRBs) ranges between 6 PRBs for the smallest 
(1.4 MHz) and 100 PRBs for the largest bandwidth (20 MHz) respectively.  
In OFDM-based multi-user framework, schedulers play an important role in optimizing the network 
performance and provide Quality of Service (QoS) requirements in the Medium Access Control (MAC) 
layer. The MAC scheduler in the eNodeB is deployed in the uplink and downlink transmission is mainly 
responsible for allocating resource block (RBs) among UEs to support the diverse QoS requirements. 
The task of the scheduler depends on the specific algorithm used and the Channel Quality Indicator (CQI), 
which provides feedback from UEs on whether the channel condition is good or poor, and allocate RBs 
accordingly [6], [7]. The contiguity constraint is one of the major constraints in the uplink scheduling. 
This constraint refers to having all PRBs, allocated to a single UE to be adjacent along the frequency domain. 
The contiguity constraint can reduce the spectral efficiency of the uplink transmission, since UE is being 
allocated a PRB despite the existence of other UEs with better channel quality over the same PRB [8].  
The uplink packet scheduling is still facing some challenges that can limit its performance due to the 
single carrier property of SC-FDMA. Therefore, the scheduler has to consider the needs of the users to satisfy 
their QoS requirements while maintaining the efficient and fair allocation of PRBs. Several papers have been 
discussed in literature. Three channel aware namely the Recursive Maximum Expansion (RME), 
First Maximum Expansion (FME) and Minimum Area Difference (MAD) is proposed by L.De Temiño et al. 
in [9]. The results showed that the performance of RME, FME, and MAD are improved in terms of spectral 
efficiency and fairness. A modified version of FME namely the Modified FME (MFME) was proposed by K. 
Elgazzar et al. in [10]. MFME modified the expansion step of the FME, which continues to search between 
the non-idle UEs to allocate the RBs. The proposed scheme has better performance than the FME in terms of 
throughput, fairness and spectral efficiency. H. Safa and K. Tohme [11] have presented a performance 
evaluation of FME, RME and Riding Peak with both Channel-Dependent (CD) and Proportional Fairness 
(PF) paradigm matrix. The FME algorithm has the worst performance as compared to other algorithms in 
term of throughput, fairness, delay, and mobility in both paradigms Matrix. R. Ahmad et al. [12] evaluated 
the RR, MT and FME scheduling performance, which focused on the throughput and fairness for different 
service classes. The FME and MT deliver the lowest throughput for RT services and the lowest fairness for 
all traffic flows. S. Dardouri et al. [13] have evaluated the performance of several downlink scheduling 
algorithms in LTE network for VoIP, video and best effort applications in terms of throughput, fairness, 
delay and packet loss rate (PLR) in pedestrian and vehicular environment. T. Janevski et al. [14] have 
presented a performance evaluation of several downlink scheduling algorithms for High Speed Downlink 
Packet Access (HSDPA) network in pedestrian and vehicular environment. S. Mahesha et al. [15] have 
studied the impact of handover on performance of downlink scheduling algorithms in pedestrian and 
vehicular environment. 
Nevertheless, none of the aforementioned studies have taken into consideration the throughput, 
delay, packet loss ratio (PLR) and fairness index of the cell-edge users in vehicular environment in the uplink 
transmission. In this paper, a new scheduling algorithm, namely the Maximum Expansion Contiguity 
Constraint (MECC) is proposed to satisfy the contiguity constraint and improve the throughput, fairness 
index, delay, and packet loss ratio of the cell-edge users in the uplink transmission. The rest of the paper is 
organized as follows. Section 2 explains the proposed algorithm. The simulation results are described in 
Section 3 and finally, the paper concludes in Section 4.  
 
 
2. RESEARCH METHOD  
In this paper, the Blind Equal Throughput (BET) algorithm is used as the scheduling metric. 
The BET algorithm aims to provide equal throughput to all UEs in the system. A scheduler receives an input 
matrix M with a dimension of [NUE x NRB], where the input,      is calculated using the BET equation, 
as shown in Figure 1.  
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Figure 1. Input matrix of M 
 
 
2.1.  Blind equal throughput (BET) algorithm  
The BET scheduler aims to provide an equal throughput to all UEs in the system. The priority 
metric for BET is given by  
 
    
     
 
     
 (1) 
 
where       is the past average throughput of UE i at time t which is calculated by 
 
                      
     (2) 
 
Hence,         ) is the weight factor for moving average, and       is the achievable data rate 
of UE i at time t as defined above. The value of   is set to 0.1 in order to achieve the best performance of 
throughput and fairness [16]. In every transmission time interval (TTI), BET scheduler allocates the 
resources to flows that have been served with lower average throughput in the past. UE experiencing the 
lowest throughput will be served as long as the user does not reach the same throughput of other users in the 
cell. In this way, users with bad channel conditions are allocated more often. 
 
2.2.  Uplink resource allocation in LTE systems  
The MECC scheduler has two stage of operation. In the first stage, the available RBs are divided 
into groups of RBs according to |
|   |
|   |
|, where NRB is the number of RB and NUE is the number of UEs. Then, 
it distributes the groups of RBs among the available UEs. The fair distribution of RBs among UEs is to 
ensure that the same amounts of RBs are given to all users. In the second stage of allocation, the multi-user 
diversity gain is exploited by allocating the RBs among several UEs depending on the channel conditions. 
The RBs are assigned starting from the highest metric value and expanding the allocation on both sides of 
matrix M. Each UE is considered served whenever another UE having better metric value is found. In this 
stage, the allocation begins by searching the combination of UE-RB with the highest metric value from      
as shown in Figure 1 and expanding the allocation on both the right and the left sides from the input of matrix 
M and assigning the corresponding channel the RB (NRB) and UE (N). As the scheduler traverses through 
each RB, it checks its maximum value in the first column on the right-hand side and on the left-hand side of 
matrix M. If the maximum value on the right-hand side is higher than the maximum value on the 
left-hand side, it will expand on the right-hand side of matrix M, otherwise on the left-hand side.  
The scheduler checks each column of matrix M and determines whether the maximum metric still belongs to 
the UE in which resources are currently being assigned, or whether the maximum metric belongs to another 
UE. If the conditions are fulfilled, the RB is assigned to the selected UE; otherwise, the UE is considered 
served, and the current RB is assigned to a new UE. The scheduler then reiterates the expansion procedure. 
Assigning the RB to the other UE would break the continuity constraints. The flow chart of the MECC 
algorithm is depicted in Figure 2. 
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Figure 2. The flow chart of the MECC algorithm 
 
 
2.3.  Simulation parameters 
In this paper, video and VoIP flows are used for the RT services while infinite-buffer, which is 
known as the Best Effort (BE) flow is representing the NRT. The trace-based application delivers packets 
based on a video trace file, which is obtained from [5]. The voice flows of G.729 are generating VoIP 
application. An ON/OFF Markov chain is modeled for the voice flow, where the ON period has a mean value 
of 3 s and is exponentially distributed. The OFF period has a truncated exponential probability distribution 
function with an average value of 3 s and an upper limit of 6.9 s [17]. The source delivers 20 bytes sized 
packet every 20 ms during the ON period, which is equivalent to 8 kbps, while the data rate is zero during the 
OFF period because of the Voice Activity Detector. Finally, the Infinite-Buffer application model 
demonstrates a greedy source that constantly possesses packets to be delivered [5]. The performance of 
MECC, RR, PF-FME, and CD-FME are evaluated based on throughput, fairness index, Packet Loss Ratio 
(PLR) and delay [18]. The performance metric of throughput represents the rate of the successful packet 
being delivered over a physical channel. The parameter is calculated by dividing the number of successfully 
received bits with the duration of the flow and can be mathematically expressed as: 
 
            
         
 
 (3) 
 
No 
No 
Start 
Schedule the available UEs and divide 
into groups of RBs according to RB/UE 
Has all the UE 
been scheduled? 
Yes 
Select for the combination of UE-RB with the 
highest metrics value from the input Matrix M.  
The highest metric of RBs 
on the right/left is found? 
Assign the RBs to UE without 
breaking the contiguity paradigm 
All the RBs 
allocated? 
All UEs are assigned RBs contiguously 
Done 
Yes 
Yes 
BET scheduler 
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where           is the size of the transmitted packets and t is the time it takes to transfer the packets per each 
user. 
The fairness index indicates that every user in the system receives a fair share of the resources. 
Fairness index is obtained by considering the throughput achieved by each flow at the end of each simulation. 
Fairness among users is implemented using the Jain’s Fairness Index and it is expressed as: 
 
                
 ∑   
 
    ∑   
  (4) 
 
where,    is the throughput of the user, i, and n is the number of active flows.  
The delay is the amount of time a packet takes to traverse a system. If packets are not transmitted 
within the deadline, the packets will be discarded. The Packet Loss Ratio (PLR) measures the percentage of 
packets of data traveling across a physical channel, which could not reach their destination. This is calculated 
as given: 
 
    ( 
                   
         
 )       (5) 
 
where          is the size of the received packets. 
 
A single cell of 1 km of radius with eNodeB located at the center of the cell is modeled in the 
simulation. The number of UE is varied from 20 to 200. The movement of UE in the cell is adopting the 
random direction model. The speed is set to 120 km/h, which resembles the vehicular scenarios. 
The bandwidth is set to 10 MHz. User Datagram Protocol (UDP) is used as a transport protocol [19]. 
Each user receives one H.264 video flow encoded at 242 kbps, one G.729 voice flows and one BE flow. 
The simulations considered four different phenomena including the path loss in urban area, penetration loss, 
shadowing fading and the effect of fast fading due to the signal multipath. The fast fading channel, which is 
Jakes model, is used as the propagation model. The simulation parameters used in LTE-SIM are summarized 
in Table 1. 
 
 
Table 1. LTE Uplink Simulation Parameters 
Parameter Value 
Simulation Duration 80 seconds 
Transmission Power 43 dBm 
Frequency Carrier 1.98 GHz 
Number of RBs 50 
RB Bandwidth 180 KHz 
Time Transmission Interval 1 ms 
Maximum Delay 0.1 s 
 
 
3. RESULTS AND ANALYSIS  
In this section, the performance of the MECC is compared to the RR, PF-FME, and CD-FME in 
terms of throughput as demonstrated in Figure 3 to Figure 11 respectively.  
 
3.1.  Throughput 
Figure 3, Figure 4, and Figure 5 show the throughput of VoIP, video and BE flows respectively. 
The throughput of VoIP flows is illustrated in Figure 3. It is observed that the throughput of VoIP for MECC 
and RR increases exponentially as the number of user increases and the performances are comparable to each 
other up to 120 users. However, after that, the throughput of RR is 4.23% higher than MECC because there is 
no packet being dropped as shown in Figure 9, hence more packets can be sent out. Nonetheless, 
the performance of PF-FME and CD-FME are 97.56% and 98.02% lower than MECC. 
In the case of video flows, as shown in Figure 4, the throughput of MECC outperforms other 
scheduling algorithms. However, the performance of MECC has decreases slightly as the number of the user 
increases due to the interference from the network signal with the increasing speed of UEs. The throughput of 
MECC shows significant improvement, which is 81.29%, 76.96%, and 90.04% higher as compared to the 
CD-FME, PF-FME and RR schedulers respectively. The throughput of video for RR gradually decreases and 
has the lowest throughput after 140 users, which is 56.75% lower as compared to the PF-FME because of 
packet dropped as shown in Figure 10. This resulted in less utilization of assigned PRBs. The CD-FME and 
PF-FME show the same trending, which in turn, assigned unallocated resources to the BE flows.  
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Figure 5 illustrates the throughput for BE flows. The throughput of the MECC is the highest as 
compared to the RR, PF-FME, and CD-FME, which are 96.69%, 49.96% and 43.41% lower than the MECC 
respectively. The throughput of RR is the lowest among the others. It is noticed that the throughput of RR 
starts to decrease as the number of user increases due to the non-stringent delay requirement of the NRT 
traffic. As a result, the RR algorithm provides a high quota to the VoIP and video flows. On the other hand, 
both CD-FME and PF-FME deliver the lowest throughput for RT since both algorithms prioritized the NRT 
flows and leaving few RBs to VoIP and video flows. 
 
 
 
 
Figure 3. Throughput for VoIP flows 
 
 
 
Figure 4. Throughput for video flows 
 
 
Figure 5. Throughput for BE flows  
 
 
3.2.  Delay 
RT service is an application that has a strict delay requirement, which needs to be provisioned. 
Figure 6, Figure 7 and Figure 8 show the delay of VoIP, video and BE flows respectively. The delay for 
VoIP flows is illustrated in Figure 6. It is noticed that VoIP users suffer longer latency as more users joined 
the network. The delay of VoIP for all scheduling algorithms gradually increases when the network is loaded 
with 200 users. The CD-FME and PF-FME have the highest delay, whereas RR delivers the lowest. The 
delay of MECC increases gradually and it is 50.08% and 56.22% lower than PF-FME and CD-FME 
respectively. The delay of VoIP flows must be given the highest priority because the packet associated with 
the voice traffic is obviously smaller than the delay of the video flows. Therefore, it must be assigned to a 
guaranteed bandwidth channel in order to make sure that the packet delivery is within a tolerable delay limit. 
In the case of video flows as demonstrated in Figure 7, it is noticed that video flows have a longer 
latency when there are more users in the cell. The RR scheduler has the highest packet delay, which is 
61.14% higher than MECC while CD-FME and PF-FME deliver the lowest, which are 26.47% and 54.67% 
lower than MECC. The delay of the RR is higher than MECC because RR prioritizes the non-GBR traffic 
instead of GBR traffic. On the other hand, the MECC algorithm shows a constant delay of 0.03 s between 60 
to 200 users. The MECC algorithm does not deliver the lowest delay because when throughput is improved, 
data packets are scheduled in order to ensure throughput is maximized and this affects the delay performance. 
There is a tradeoff between throughput and delay, where the delay will increase when the throughput is 
maximized. The QoS value for the VoIP and video delay is set to be less than 100 ms and 150 ms 
respectively as specified by the 3GPP standard (20). Therefore, all algorithms are observed to have a low 
delay, which is in the acceptable range to provision the Quality of User Experience (QoE).  
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The delay of BE flows is presented in Figure 8. The delay of BE flows is modeled using the infinite 
buffer model, thus the delay will always be a constant value of 1 ms for all scheduling strategies [21]. 
 
 
 
 
Figure 6. Delay for VoIP flows  
 
 
Figure 7. Delay for video flows 
 
 
 
 
Figure 8. Delay for BE flows  
 
 
3.3.  Packet loss ratio 
PLR is an important parameter for the RT flows because it is an indicator whether the packets are 
delivered timely. The PLR of VoIP, video and BE flows are depicted in Figure 9, Figure 10 and Figure 11 
respectively. The PLR of VoIP flows is presented in Figure 9. It is observed that both CD-FME and PF-FME 
achieved the highest PLR that is up to 93.92% than MECC and this is in accordance with the throughput 
performanceThe higher throughput being sent out will result in lower PLR. The PLR of MECC scheduler is 
approaching zero when the number of user is less than 80, however, the PLR starts to violate the allowable 
value when the number of UE exceeds 100 since the acceptable value should be less than 1x10
-2.
 The MECC 
scheduler managed to keep the PLR value less than 0.55% at 80 user and increases after 80 users, which is up 
to 5.97% than the RR algorithm. The RR has the lowest PLR, which is 5.97% lower than MECC and is kept 
constant at zero.  
For the video application, all the PLR increases as the number of user increases due to the high-
speed movements of the vehicles. As a result, when the speed increases, frequent changes of dynamic 
topology causes frequent interruptions of the communication. Thus, when the speed increases, the possibility 
to discard packet for deadline expiration increases as demonstrated in Figure 10. MECC scheduler has the 
lowest PLR, which is 6.55%, 9.73% and 10.04% lower than RR, CD-FME, and PF-FME respectively. Both 
CD-FME and PF-FME has the highest PLR, which contribute to low throughput. The VoIP flows 
experienced significantly lower PLR than video flows because the VoIP traffic is delivering lower source bit 
rate as, compared to video flows as illustrated in Figure 9 and Figure 10. The PLR for video flows has 
violated the QoS value as specified by the 3GPP. The acceptable range of VoIP and video flows should not 
exceed 1x10
-2
 to 1x10
-3
 respectively [20].  
The PLR of BE flow is illustrated in Figure 11. It can be observed that RR scheduler has the highest 
PLR, followed by the MECC and CD-FME and PF-FME respectively. The PLR of RR increases gradually 
and is 85.83% higher than the MECC because RR algorithm delivers the lowest throughput. The PLR of 
MECC is 95.42% higher than CD-FME, however, the MECC managed to keep the PLR value to less than 
0.5% when the network is loaded with 200 users. Both CD-FME and PF-FME schedulers have the lowest 
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PLR and this is in accordance with the throughput performance. Moreover, there is no QoS requirement need 
to be provisioned by the BE flows. 
 
 
 
 
Figure 9. PLR for VoIP flows 
 
 
 
Figure 10. PLR for video flows 
 
 
 
 
Figure 11. PLR for BE flows 
 
 
3.4.  Fairness index 
The Jain fairness index of VoIP, video and, BE flows is illustrated in Figure 12, Figure 13 and 
Figure 14 respectively. The fairness value of CD-FME and PF-FME decreases as the number of users 
increases for all traffic flows. It is noticed that the fairness index for PF-FME is the highest among others 
between 60 to 80 users because the algorithm allocates resources to the user based on the ratio of the channel 
condition. Therefore, the users are being neglected when experiencing a bad channel condition. However, the 
fairness value for CD-FME decreased as the number of the user increases because resources are given only to 
users with the best channel condition and those with low channel quality will suffer from the starvation 
problem. The fairness value of MECC and RR is comparable to each other for all traffic flows and the value 
is kept between 0.7 and 0.8 as the number of the user increases. The fairness index for MECC and RR is 
steady, which is hovering between 0.7 and 0.8. This is because RR and MECC schedulers are fair in terms of 
RB allocation.  
 
 
 
 
Figure 12. Fairness index for VoIP flows 
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Figure 13. Fairness index for Video flows  
 
 
Figure 14. Fairness index for BE flows  
 
 
4. CONCLUSION  
This research has studied the performance of uplink scheduling algorithms for RT and NRT services 
using the LTE-SIM. The performance of MECC is compared to the CD-FME, PF-FME, and RR in terms of 
throughput, delay, packet loss ratio (PLR) and fairness index. The VoIP, video and BE flows is considered 
and the speed of the UEs is set to 120 km/h, which resembles the high-speed vehicular. From the simulations, 
it can be concluded that MECC algorithm is the best among the other algorithms as it delivers the highest 
throughput for all flows due to a fair allocation of RBs among the users. Thus, this contributes to low delay, 
low packet loss rate and delivers a satisfactory level of fairness value in the vehicular scenarios. Furthermore, 
it is proved that MECC is able to support 200 users without compromising the QoS parameters for the traffic 
flows of VoIP, video, and BE. Hence it can be concluded that MECC is the best scheduler in provisioning the 
QoS requirements for the RT and NRT traffics. As a future recommendation, the performance evaluation of 
the MECC algorithm will be studied in the static and pedestrian environment and compared to the other 
uplink-scheduling algorithm available in the literature. 
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